CHARACTERIZATION OF DISSIPATIVE STATES IN NIOBIUM TITANIUM NITRIDE SUPERCONDUCTING FILAMENTS by unknown


c©Fatai Olawale Bakare
2016
i
This work is dedicated to my late grand mother, Mrs. Sadatu Yusuf and my
mom, Mrs. Bilikis Bakare.
ii
ACKNOWLEDGMENTS
First of all, I am highly full of thanks , appreciation, and adoration to the government
of the Kingdom of Saudi-Arabia, who through her extreme generosity had granted and
financed my scholarship program at King Fahd University of Petroleum and Minerals.
I pray Almighty Allah in His infinite mercy continue to bless, protect, and shower His
mercy on this peaceful land, Saudi-Arabia.
Of course, my indebtedness knows no bound to my able Advisor, Dr. Khalil Harrabi,
who scolded me often during my thesis work just to bring out the best in me; and
never for once got tired of me. Always guiding, rectifying my mistakes and instructing
me throughout my thesis work. Despite your hectic and tight work schedule, you still
managed and carried me along. I am indeed grateful to you. thanks for being there sir.
My profound and undying thanks to my committee members, Dr. Shankar Kunwar
and Dr. Watheq Ahmed Al-Basheer for their contributions, guidance, and patience
during the completing of my thesis work.
My words of appreciation can not be completed without paying a big gratitude to
the Director of Center of Research Excellence in Nanotechnology (CENT), Dr. Zain
Hassan Yamani, for his invaluable trust, understanding and generosity towards me and
my family during my course of study here in Saudi-Arabia.
iii
I am also grateful to Prof. Ibraheem M. A. Nasser (Physics), Dr. Md. Abdul Aziz
(CENT), Dr. Nasiruzzaman Shaikh M (CENT), Dr. Abbas Hakeem (CENT), Mr. Idris
Akolade Bakare (CENT), Mr. Qasem Drmosh (CENT), Mr. Muhammad Ibrar Ahmed
(CENT), Mr. Anas Karrar Jamil (CENT), Mr. Ganiyu Saheed Adewale (CENT), and
Mr. Ganiyu Saheed Bukola (Clemson), for their endless support in my MS studies.
My heartiest gratitude to all friends in the department, the department of Physics
at King Fahd University of Petroleum and Minerals.
Without me saying thanks to Nigerian Community, King Fahd University of
Petroleum and Minerals chapter, then I must be an ingrate. If Nigerians continue
to uphold brotherhood ties back at home as we do here, our nation will indeed be the
best of all places to be. May Almighty Allah bless Nigeria, continue to bless the kingdom
of Saudi-Arabia, and the world at large.
Strong Family ties is the bedrock of any society. To my entire family, Mom, Dad,
all brothers and sisters, and all in-laws, thanks for always being there for me. To my
Mom, Iyaniwura iye biye (the priceless mother), your are the most caring and supportive
mother in the world. Even though, I haven’t being at home for some years to see your
health status, I know you do pray and ask over my well being on regular basis. Indeed,
you are the most precious thing I have, and I pray to Almighty Allah to protect you for
me and shower His mercy on you. You are more than a sweet-mother!
To my beloved wife, Faozeeyah Titilayo and my lovely and cheerful kids, Aisha Abim-
bola Bakare, AbdusSomod Adebayo Bakare, and Moryam Damola Bakare; of course,
words alone are not enough to express my sincere and heartiest feeling to you all during
my MS studies. May Almighty Allah mercy, protection, and blessings be on you all.
My babies, you are always there for me!
iv
TABLE OF CONTENTS
ACKNOWLEDGEMENTS iii
LIST OF TABLES vii
LIST OF FIGURES viii
ABSTRACT (ENGLISH) xii
ABSTRACT (ARABIC) xiv
CHAPTER 1 INTRODUCTION 1
1.1 Superconductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.1 Dissipative Mechanism . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.2 Critical Temperature . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.3 Critical Current . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.1.4 Critical Magnetic Field . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Type I and Type II Superconductors . . . . . . . . . . . . . . . . . . . . 5
1.3 BCS Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Characteristic Lengths . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
CHAPTER 2 PHASE-SLIPS CENTERS IN SUPERCONDUCTING
FILAMENT 11
2.1 Current dependence of temperature phase diagram for different dissipa-
tive modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Application of Phase-Slip centers . . . . . . . . . . . . . . . . . . . . . . 16
v
CHAPTER 3 EXPERIMENTAL SETUP 18
3.1 Sample fabrication and characterization . . . . . . . . . . . . . . . . . . 18
3.1.1 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.1.2 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 Experimental Set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
CHAPTER 4 RESULTS AND DATA ANALYSIS 23
4.1 Characterization of dissipative states in NbTiN superconducting filament 23
4.2 Measurement of heat escape time . . . . . . . . . . . . . . . . . . . . . . 27
4.3 Temperature dependence of the phonon escape time . . . . . . . . . . . 29
4.4 Dissipation Inside PSC . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
CHAPTER 5 CONCLUSION 33
REFERENCES 45
VITAE 51
vi
LIST OF TABLES
3.1 Corresponding width w, Tc, and ρ ( at 15 K) for the three NbTiN samples:
BK-NT3, BK-NT5, and BK-NT10. . . . . . . . . . . . . . . . . . . . . 20
4.1 τd values for the three NbTiN samples with their corresponding specifi-
cations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
vii
LIST OF FIGURES
1.1 The temperature dependence of the critical magnetic field . . . . . . . . 5
1.2 Schematic illustrations of magnetization (M) curves of (a and b) a type I
superconductor and (c and d) a type II superconductor. For type I: Below
Hc, (a) there is no flux penetration (M = −H), and (b) B = 0. Above
Hc, (a) M drops to zero, and (b) there is perfect flux penetration. For
type II: Below Hc1, the phenomenon is the same as in type I. However,
between Hc1 and Hc2, (c) M falls smoothly to zero, and (d) B smoothly
rises to H. Above Hc2 > Hc1, (a) M exponentially drops to zero, and
(b) there is perfect flux penetration. . . . . . . . . . . . . . . . . . . . . 6
2.1 (a) Current-voltage (I-V) curve of tin whiskers showing step-wise struc-
tures due to the creation of Phase-slip centers. Here, ∆T = Tc − T .
(b) Schamatic illustration of a PSC-model prpoesed by SBT. The os-
cillation of the gap magnitude occured in a 2ξ-long core. Here the im-
balanced charges produced as a result of nonequilibrium quasi-particles
diffuse through a length of Λ. (c) Plot of superconducting current as a
function of time in the core region with average value ∼ Ic/2 [1]. . . . . 12
2.2 Current dependence of temperature phase diagram illustrating the dif-
ferent dissipative regimes of flux flow, PSC and HS. (a) when a HS is
created first. (b) when no HS was observed at the onset when the cur-
rent amplitude was increased above the critical current Ic. Here, Ic is the
critical current which is the current that initiates the dissipation. Ih is
the threshold current required to maintain a steady HS above the critical
temperature Tc. While T
∗ is the tempereauter at which a steady HS is
initiated which is when Ih(T
∗) = Ic(T ∗). . . . . . . . . . . . . . . . . . . 15
viii
2.3 Schematic illustration of the mechanism of the superconducting nanowire
single-photon detector (SNSPD). (i) The superconducting nanowire is
maintained well below the critical temperature and the direct current
(DC) biased below the critical current. (ii) When a photon is absorbed
by the nanowire a resistive hotspot is created. (iii) The created hotspot
forces the supercurrent to flow along the resistive region. Since the su-
perconducting strips used for this device are narrow, the local current
density around the hotspot increases, exceeding the critical current den-
sity. (iv) As a result, a resistive barrier across the width of the nanowire
is formed. (v) Along the axis of the nanowire, Joule heating (via the
DC bias) aids the growth of the resistive region until the current flow is
blocked and the bias current is shunted by the external circuit. (vi) This
allows the resistive region to vanish and the wire becomes fully super-
conducting again. Finally, the bias current flowing through the nanowire
returns to its initial value (i)[2]. . . . . . . . . . . . . . . . . . . . . . . . 17
3.1 Schematic illustrations of (a) R-T measurement using four-point probe
technique. (b) resistivity calculation along the narrow bridge of the three
samples with w = 3, 5, and 10 µm. Where w1 = w2 = 20 µ m and
l1 = l3 = 100 µ m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Schematic illustration of the experimental set-up used for pulse measure-
ments (a) with the combination of both Rs and Rp. (b) without the
combination of both Rs and Rp . . . . . . . . . . . . . . . . . . . . . . . 21
4.1 (a) Voltage response plotted as a function of time at different temperature
and different current value above Ic for the three NbTiN samples:(a)
BK-NT3 (w = 3µm), (b) BK-NT5 (w = 5µm), and (a) BK-NT10 (w =
10µm). td is the time which precedes the appearance of the voltage
response. The plot of VPSC against IPSC for each of the samples is
presented on the right, where Is ' 0.4 mA . . . . . . . . . . . . . . . . . 24
4.2 Measured critical currents density plotted as a function of temperature
for the three NbTiN samples . . . . . . . . . . . . . . . . . . . . . . . . 26
ix
4.3 Delay time td as a function of I/Ic at different Tb in sample BK-NT10 (a
& b) and BK-NT10 (c & d). The td axis is in logarithm scale. The solid
curve is the Tinkham’s fitting obtain from Eq. (4.2) Here the τd is the
prefactor of Eq.(4.2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.4 Heat escape time τd as a function temperature: (a) BK-NT3. (b) BK-
NT5. (c) BK-NT10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.1 Resistivity as a function of temperature for three different samples: (a)
BK-NT3, (b) BK-NT5, and BK-NT10, respectively. The insets depict
the resistivity of each sample close to Tc. . . . . . . . . . . . . . . . . . . 35
5.2 Voltage response plotted as a function of time at different temperature
and different current value above Ic for the NbTiN samples of 3 µm-wide,
BK-NT3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5.3 Voltage response plotted as a function of time at different temperature
and different current value above Ic for the NbTiN samples of 3 µm-wide,
BK-NT3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.4 Voltage response plotted as a function of time at different temperature
and different current value above Ic for the NbTiN samples of 5 µm-wide,
BK-NT5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.5 Voltage response plotted as a function of time at different temperature
and different current value above Ic for the NbTiN samples of 5 µm-wide,
BK-NT5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.6 Voltage response plotted as a function of time at different temperature
and different current value above Ic for the NbTiN samples of 10 µm-wide,
BK-NT10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.7 Voltage response plotted as a function of time at different temperature
and different current value above Ic for the NbTiN samples of 10 µm-wide,
BK-NT10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.8 Delay time td as a function of I/Ic at different Tb in sample BK-NT3.
The td axis is in logarithm scale. The solid curve is the Tinkham’s fitting
obtain from Eq. (4.2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
x
5.9 Delay time td as a function of I/Ic at different Tb in sample BK-NT5.
The td axis is in logarithm scale. The solid curve is the Tinkham’s fitting
obtain from Eq. (4.2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.10 Delay time td as a function of I/Ic at different Tb in sample BK-NT10.
The td axis is in logarithm scale. The solid curve is the Tinkham’s fitting
obtain from Eq. (4.2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
xi
THESIS ABSTRACT
NAME: Fatai Olawale Bakare
TITLE OF STUDY: Characterization of Dissipative States in niobium titanium ni-
tride Superconducting Filaments
MAJOR FIELD: Physics
DATE OF DEGREE: April, 2016
Superconducting materials have potential application in radiation detection because of
their special properties such as sensitive to incident radiation at optical wavelengths.
Superconducting single-photon detectors (SSPDs) are those single-photon detectors that
are sensitive to single-photon at visible and infrared wavelengths regime. These devices
are highly promising for photon-registering technology for optical wavelength due to their
high efficiency, high timing resolution, excellent recovery time as well as low dark count
rate. These devices employ the concept of dissipative states in narrow superconducting
materials. In this work, overcritical current pulses (I > Ic) have been used to cre-
ate dissipative states, Phase-slip centers (PSC), in NbTiN superconducting filaments
at different temperature below the critical temperature Tc. The voltage responses which
initiated the the generation of the PSC were observed after certain delay time td. By
employing a modified Time-Dependent Ginzburg-Landau (TDGL) theory, one is able
xii
to analyze this time and subsequently deduced the time taken for the generated heat to
escape the substrate τd. The τd was found to be independent of the temperature for all
samples.
xiii

CHAPTER 1
INTRODUCTION
1.1 Superconductivity
Superconductivity is the phenomenon in which current flow without any loss of en-
ergy. It was first discovered by a Dutch physicist, Heike Kammerlingh Onnes, in 1911
[3]. Onnes observed that the electrical resistivity of a pure mercury wire drastically
dropped to a very small measurable value at a certain temperature called the critical
temperature Tc (see section 1.1.2) when he fed current through it and gradually reduced
the temperature to about 4.2 K. This breakthrough has rapidly increased the techno-
logical application of superconducting materials; particularly, in medical applications
of magnetic resonance imaging (MRI), in large scale magnetic guiding systems such as
CERN, the presently constructed nuclear fusion energy plant ITER, in high through-
put electrical power cables [4], as well as the maglev train presently in construction by
Japanese Railways [5]. However, this unique characteristic of superconducting materi-
als and many others, such as the observation of ideal diamagnetism, the appearance of
quantized magnetic flux lines are destroyed when a large external source (more than the
critical value), such as a current or magnetic field is applied to them [6].
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It is well known that when a current is induced in a normal conductor, there would
be energy dissipation in the conductor due to the collision of its electrons with the atoms
in the lattice. This results to rapid decaying of the current. Unlike in conductors, in
superconducting materials, an induced current will continue to flow due to the zero
resistance. This current is discontinued when a current or magnetic field greater than
the maximum value that the superconductors can withstand is applied. As a result, a
transition from their superconductivity state to normal states is observed - this is termed
as the destruction of superconductivity. This phenomenon is extremely useful in optical
communication, particularly, in single photon detectors (SPDs) [2]. This technology
benefits from the energy dissipation phenomena called phase-slip center (PSC) and
hotspot (HS); which appear when a superconductor transits from superconducting state
to normal state [2]. Further explanation is provided in section 2.2.
1.1.1 Dissipative Mechanism
The study of dissipative mechanisms in superconductors has attracted the interest of
many investigators in attempt to understand the transition from superconducting state
to the normal state. Among the dissipative mechanism in superconductors, flux flow
(FF) is one of the most important phenomena which caused flux vortices, the surround-
ing of the normal core conductor or thin filaments by vortices of supercurrents [7]. When
an unpinned superconductor carries a transport current in a uniform background fields,
the transport current interacts with the flux quanta to apply a Lorenz force on each flux
vortex. The moving flux vortices will induce an electric field and accelerate if there is
no pinning force to balance the Lorentz force as a result the electric field increases with
time. The transport current flowing through the normal cores of the moving flux vor-
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tices is considered to be the cause of the dissipation [6]. In 1965, Bardeen and Stephen
proposed a model which suggests that all dissipation occurs by normal resistivity in the
central core of the flux vortices [8]. A more accurate analysis of the dissipative mecha-
nisms was given by time-dependent Ginzburg-Landau (TDGL) theory which states that
the process of flux penetration occurs through the suppression at the order parameter
of the macroscopic scale [9]. It is shown that a superconductor carrying an electrical
current larger than the critical current Ic (see section 1.1.3) for a considerable time can
turn to the normal state [10]. The dissipative state is localized and can be considered as
a PSC or a normal HS. Presently, the dissipative states in superconductors can either
be created by laser light [11], magnetic field [12] or electrical current pulse technique
[6].
1.1.2 Critical Temperature
When a material is cooled below a certain temperature such that its electrical resistance
drops to zero, a phase transition from its normal state to a superconducting state is ob-
served. The temperature at which the material loses it electrical resistance and changes
phase is called the critical temperature (Tc). Superconductivity is destroyed (revert to
normal state) above (Tc). The new phase (superconducting state) attained by the ma-
terial is explained theoretically by John Bardeen, Leon Cooper, and Robert Schrieffer
[13], commonly called the BCS theory. This theory will be discussed later in section
1.3. At low temperature, several materials, mostly metals and metallic alloys become
superconductors at different Tc. Before the discovery of some high temperature super-
conductors by Georg Bednorz and Alex Muller [14], the highest critical temperature was
close to 23 K. Currently, they are materials that can maintain their superconducting
3
state with critical temperature above the temperature of the liquid nitrogen (77 K).
1.1.3 Critical Current
Since zero resistance in a superconductor implies no energy loss, very thin materials
such as superconducting filaments and superconducting thin films can be made to carry
huge amount of current without breaking down. However, the superconductivity of
the materials is destroyed when the applied current flowing through them exceed a
certain maximum value called the critical current (Ic); (we are talking about below
Tc obviously). The critical current current is a function of temperature; that is, more
current flow when superconductors are cooled down.
1.1.4 Critical Magnetic Field
If a superconductor is placed in a weak magnetic field and cooled down below its Tc,
the magnetic flux is completely expelled. If the field is very strong, the flux will pene-
trate the interior of the superconductor, thus destroying the superconductivity and the
material will transit to its normal state. Similar to the Ic, a superconducting material
will maintain it’s superconducting property provided a critical magnetic field, Hc, is
not exceeded. This critical value is the maximum magnetic field required to cause a
dissipative state in a superconductor. The manner in which the superconductor is de-
stroyed by the introduction of the field depends on the nature and the geometry of the
the superconductor. The temperature dependence of the Hc is shown in 1.1. The curve
Hc indicates the boundary between the superconducting and normal state.
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Figure 1.1: The temperature dependence of the critical magnetic field
1.2 Type I and Type II Superconductors
Basically, there are two types of superconductors which are distinguished by their Tc as
well as their ability to exclude external magnetic fields from penetrating their interiors;
these are commonly called Type I and Type II superconductors. The major difference
between these two classes of superconductors is that the Type I has only one critical
filed Hc whereas the Type II has two critical fields, Hc1 and Hc2.
For Type I superconductors, their superconductivity state is maintained only below
their Tc and below a (Hc). Due to this, they are referred to as soft superconductors.
Type I superconductor are mostly pure metals which are best described by the BCS
theory [15].
On the other hand, the Type II superconductors behave differently when compared
to their counterpart. They are made from alloys and can carry huge current as they pos-
sess higher Hc. There is another class of superconductor which transit from the normal
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state to the superconducting state at very higher temperature; this class of supercon-
ductor is called high temperature superconductor (HTS). It is also important to mention
that the BCS theory cannot completely explain the superconducting property of this
class of superconductor, as the Cooper pairs (see section 1.3) in these superconductors
may be due to the antiferromagnetism of the cuprate materials.
Figure 1.2: Schematic illustrations of magnetization (M) curves of (a and b) a type I
superconductor and (c and d) a type II superconductor. For type I: Below Hc, (a) there
is no flux penetration (M = −H), and (b) B = 0. Above Hc, (a) M drops to zero, and
(b) there is perfect flux penetration. For type II: Below Hc1, the phenomenon is the
same as in type I. However, between Hc1 and Hc2, (c) M falls smoothly to zero, and
(d) B smoothly rises to H. Above Hc2 > Hc1, (a) M exponentially drops to zero, and
(b) there is perfect flux penetration.
Unlike Type I superconductors, in Type II superconductors, when an applied mag-
netic field is increased from zero in them, two critical magnetic field are generated, Hc1
and Hc2 (as shown in Fig. 1.2 (c and d)). As depicted in Fig. 1.2(c), the applied field
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penetrates the superconductors at the first critical field, Hc1; however, their supercon-
ductivity is still maintained until above the second critical field, Hc2. In between Hc1
and Hc2, there exist both normal and superconducting states in the material called a
mixed state. This state is sometimes referred to as a vortex state.
It was mentioned earlier that to maintain superconductivity in a material, the vor-
tices must be pinned. However, as the applied current or temperature is increased,
movement of the vortices occurred. This motion is stopped by crystal boundaries as
well as the microscopic defects (defects in the crystal lattice such as impurities, missing
or misplaced atoms) in the materials, thus maintaining the superconductivity in the
material [16]. The pinning of the vortices by the crystal boundaries and the microscopic
defects is sometimes called flux pinning.
1.3 BCS Theory
In 1957, John Bardeen, Leon Cooper, and Robert Schrieffer [8] proposed a qualitative
theory that explains the strange phenomenon of superconductivity; this is commonly
called BCS theory. In their paper titled ’Theories of Superconductivity’, they explained
the reason why some materials lose electrical resistance at their critical temperature to
become superconductors.
It is well established that in the normal state, electrons passing through the atoms of
the lattice collide with the lattice and with one another. As a result, heat is generated
and an increase in resistance is observed. However, in superconductivity state, the BCS
theory states that these electrons paired up closed to the Fermi level to form what is
known as Cooper pairs, and pass through the atoms of the lattice with zero electrical
resistance. This theory also explained how the electrons are paired up. According to
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this theory, when an electron passes through the crystal lattice of a superconductor,
the positively charge ions in the lattice attract the electron thereby causing an inward
distortion of the lattice. This electron attracts a closely passing electron that will also
pass the distorted area prior to returning to its normal form. As a result, these electrons
are paired up (Cooper pairs) and condensed by the atomic lattice vibration (phonons)
into the same quantum state (i.e. all the electrons purpose the same energy). Unlike
single electrons that are fermions which also obey Pauli’s exclusion principle (no two
electrons can exist in the same energy quantum state), the Cooper pairs have boson-
like behavior and disobey Pauli’s exclusion principle. From this, one can infer that the
Cooper pairs are particles of integer spin. This can be simplified by the famous equation
(Eq.1.1 ) in quantum mechanics, which describes the probability amplitude that both
states ”a” and ”b” are occupied by electrons 1 and 2 in either order.
Ψ = Ψ1(a)Ψ2(b)±Ψ1(b)Ψ2(a) (1.1)
Here the positive is required for boson-like (integer spin) particles and the negative for
the fermions (half integer spin). One of the important information that can also be
obtained from Eq.1.1 is that the Cooper pairs travel collectively and coherently as they
are condensed to the same quantum state (i.e. when a = b in the above equation). It
has long been confirmed that at low temperature the molecular movement of the ions
in the crystal lattice is reduced. In line with this and provided that the superconduc-
tor characteristic temperature (Tc) is not exceeded, the Cooper pairs remain together.
Otherwise, the Cooper pairs are broken and the superconductivity is destroyed.
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1.4 Characteristic Lengths
There are two important characteristic lengths which one most mention when discussing
concept of superconductivity. These are known as penetration depth and coherence
length. The penetration depth is related to the electrons density of superconducting
materials, λ. It is the distance required for the magnetic field inside a superconductor
to reduce to 1/e the applied external field. While the coherence length, ξ, is related
to the Fermi velocity of the superconductor as well as the energy gap (order of 10−3
eV) associated with condensation to the superconducting state. Above this length, the
material loses its superconductivity. The ξ is useful to determine the transition thickness
when a superconductor changes from its superconducting state to a normal state. The
ratio of penetration depth to coherence length is the constant of the Ginzburg-Landau
theory.
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1.5 Objectives
In this study, an electrical current pulse technique was employed to achieve the following
aims :
1. To study the creation of the dissipative states in niobium titanium nitride (NbTiN)
superconducting filaments.
2. To measure the delay time in different samples (w = 3, 5 and 12 µm).
3. To deduce the heat escape time in the three samples (w = 3, 5 and 12 µm)
NbTiN is Type-II superconductor with a critical temperature about 8.3 K [17].
NbTiN superconducting filaments were chosen in this work owing to their short super-
conducting nanowire cooling time (τd), which is due to their relatively low resistivity
above Tc compared to the first material used for SNSPDs, niobium nitride (NbN) [18].
Although niobium filaments (Nb) have shorter τd to NbN, but they suffer from latching
(self-heating hotspot due to Joule heating) [19].
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CHAPTER 2
PHASE-SLIPS CENTERS IN
SUPERCONDUCTING
FILAMENT
When the current in a superconducting filament is increased slightly above the critical
current, an electric field appears. This field then accelerates the supercurrent above
the critical current. As a result, the order parameter drops to zero, which allows the
current to be carried as a normal current along the filament. As soon as the order
parameter becomes zero, a voltage appears along the filament. This phenomenon was
first observed by J.D. Meyer [20] on tin whisker as step-wise voltages on current-voltage
(I-V) characteristics curves.
As it can be seen from some of their observation presented in Fig. 2.1(a), one note
that each successive steps gives a consistence differential resistance
dU
dI
value, which
implies that there is a localized dissipative center along the filament and the phase
difference of the order parameter slips on the two ends at different rate. The centers
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Figure 2.1: (a) Current-voltage (I-V) curve of tin whiskers showing step-wise structures
due to the creation of Phase-slip centers. Here, ∆T = Tc−T . (b) Schamatic illustration
of a PSC-model prpoesed by SBT. The oscillation of the gap magnitude occured in a
2ξ-long core. Here the imbalanced charges produced as a result of nonequilibrium quasi-
particles diffuse through a length of Λ. (c) Plot of superconducting current as a function
of time in the core region with average value ∼ Ic/2 [1].
at which this resistive state is nucleated are known as Phase-slips centers (PSC). The
superconducting current Is flows through the the filament without causing dissipation.
This current is defined by U = Rd(I− Is) where Rd = dU
dI
, the differential resistance, is
independent of the current I. Similar observation was also reported by A. K. Elmurodov
and his team. They studied experimentally and theoretically the transport properties of
a superconducting NbN nanowire [21]. They found that by using different attached leads
as superconducting contacts, the number of jumps in the I-V characteristics increases
which indicates that the number of PSC modes increases.
In 1974, Skocpol et al [22] developed a model to explain the PSC concept. This model
is known as the Skocpol-Basley-Tinkham (SBT)model. The Schematic illustration of
the model is described in Fig. Fig. 2.1(b). Suppose the filament perfectly homogeneous,
such that its critical current is equal everywhere. Since any slight increase in the bias
current above the critical current will cause the order parameter to become zero such
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that the entire current through the filament is a superposition of both the normal
and superconducting current, the superconductivity will reappear and repeat a cycle;
thus allowing a one-dimensional nanowires to be switched from superconducting to
normal state. As a result, numerous non-equilibrium quasi-particles are created which
subsequently diffuse over an inelastic length of the PSC. The generated quasi-particles
cause overheating in the filament, thus creating a localized normal state or hot spot
[22]. The model also pointed that at the center of the PSC, the phase difference of the
order parameter slips by 2pi [22].
To identify a PSC, the following features must be observed: (i) there is a delayed
time td before the voltage along the superconductor appears in response to an electrical
current pulse, which is the time required for the order parameter to collapse, that is
the time needed to destroy the superconductivity; (ii) the voltage response suddenly
jumps to a saturation value; (iii) the temperature at the center of the PSC is less than
the critical temperature. The nucleation of PSC was confirmed in low-temperature
superconductors [23]. Recently, phase-slip centers were observed [17] in the presence of
an applied electrical current pulse. K. Harrabi [24] created a PSC after a certain delay
time on a YBa2Cu3O7 filament, by applying an overcritical current pulse I > Ic(T ).
They employed the Tinkham modified TDGL model to obtain the heat escape time
τesp. At low temperature, they found that the value of τesp to be 4 ns for 80 nm-thick
film. This value was reported to be constant over the range 5 to 40 K. They attributed
the loss of transmissivity at higher temperature to the of phonon-phonon decay.
In the case of an HS, one can identify it by the following features: (i) there is
an increase in the voltage response with time after a certain delay time; (ii) usually
preceded by nucleation of PSCs [23, 25, 26]; (iii) the temperature reached inside a HS is
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larger than the critical temperature. Implying that in the HS region, a normal current
flows.
2.1 Current dependence of temperature phase diagram for
different dissipative modes
In this section, we discuss the behavior of the dissipative modes in which a temperature
dependence of two threshold currents Ic and Ih is presented by a current-temperature
phase diagram (Fig. 2.2). Here, the current Ic(T) and Ih(T) are plotted as functions of
bath temperature Tb. The critical current Ic is the current giving the longest observable
delay, it is the threshold for the nucleation of PSC [1]. While, the current Ih is defined
as the minimum threshold current whose Joule effect is sufficient to maintain a localized
normal zone above Tc [27, 25, 26].
At region close to Tc, when T/Tc approaches unity, Ic varying from (1 − T/Tc)
to (1 − T/Tc)3/2[27, 25]. However, at temperature very close to Tc, the dependence
temperature of Ih is defined as function of (1−T/Tc). At lower temperatures, Ic increases
more suddenly than Ih thus Ic > Ih (as shown Fig. 2.2). Whereas, on increasing the
bath temperature close to Tc (see point B in Fig. 2.2 a & b) the current Ic rapidly
drops below Ih, in this case Ic < Ih (see blue shades in Fig. 2.2 a & b)). In this region,
one observe that PSC naturally evolves into a localized normal zone or hot spot as the
current increases significantly over Ic, thus resulting in an internal temperature larger
than Tc [23, 25]. At T < T
∗ (point A in Fig. 2.2 a) and when Ih < I < Ic, a voltage
signal appears after a certain delay time which results in the nucleation of a fast PSC
( see the left orange shade in in Fig. 2.2 a) that immediately transforms into an HS.
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Figure 2.2: Current dependence of temperature phase diagram illustrating the different
dissipative regimes of flux flow, PSC and HS. (a) when a HS is created first. (b) when
no HS was observed at the onset when the current amplitude was increased above the
critical current Ic. Here, Ic is the critical current which is the current that initiates
the dissipation. Ih is the threshold current required to maintain a steady HS above the
critical temperature Tc. While T
∗ is the tempereauter at which a steady HS is initiated
which is when Ih(T
∗) = Ic(T ∗).
At T > T ∗ (point B in Fig. 2.2 a) and when the current is slightly increased such that
Ic < I < Ih, gives rise to a PSC whose length is determined by the quasi-particle inelastic
diffusion range given by Ln = 2Λ = vF (τcτr/2)
1/2, where vF is the Fermi velocity, τc
is the elastic collision time, and τr is the transverse inelastic relaxation time. This
length was interpreted by Skcopol et al [22] as the length of non-equilibrium through
which normal currents flows. As soon as the PSC is created and the Ih is reached, the
PSC abruptly transforms into an HS. This was later verified experimentally in 1995 by
Peterson et al. [28]. They studied the I-V characteristics associated with self-heating
HSs in HTS thin films under both current-biased and voltage-biased conditions.
Experimentally, the measurement of Ic at Tb < Tc is obtained by increasing the
input current from a signal generator until a resistive regime appears indicated by the
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voltage rise in the filament (see chapter 4).
2.2 Application of Phase-Slip centers
Some of the amazing technological benefits of the phase-slip centers are their application
in thermal radiation, astronomy, as well as optical communication [29].
For example, the basic principle of dissipative state such as PSC is widely used in
bolometer, an electrical resistance thermometric device used to measure the temperature
of a radiation absorber. The bolometer employs the temperature dependence of the
resisitivity of materials to measure the temperauter of the radiation absorber. In this
device, superconducting filaments are used as radiation absorber and thermometer. For
instance, Clarke et al [30] used an Al and and a Bi film deposited on a sapphire substrate
supported by nylon as a thermometer and radiation absorber, respectively, to optimized
a superconducting bolometer for near millimeter waves.
In optical communication,superconducting single photon detectors (SSPD) have
been widely used in various field such as optical quantum information (QI) applica-
tion. For example, in optical quantum information technologies, individual quantum
particles such as photons are used to encode and manipulate information. A SSPD is a
device used to detect a single photon at visible and infrared wavelength regimen with
a fast recovery time. The mechanism of SSPD is based on the generation of an electri-
cal signal upon the absorption of a photon (as shown in Fig. 2.3). The energy of the
absorbed photons causes a non equilibrium state which is followed by hot excited quasi
particles at temperature larger than that of the Cooper pairs in the superconductor.
An equilibrium state is attained by following relaxation process: (i) electron-electron
interaction and electron-phonon interaction cause inelastic scattering of quasi-particles,
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(ii) quasi-particles are generated by phonons, (iii) recombination of quasi-particles and
(iv) generated heat escapes to the substrate by the phonon in the superconductor.
Figure 2.3: Schematic illustration of the mechanism of the superconducting nanowire
single-photon detector (SNSPD). (i) The superconducting nanowire is maintained well
below the critical temperature and the direct current (DC) biased below the critical
current. (ii) When a photon is absorbed by the nanowire a resistive hotspot is created.
(iii) The created hotspot forces the supercurrent to flow along the resistive region. Since
the superconducting strips used for this device are narrow, the local current density
around the hotspot increases, exceeding the critical current density. (iv) As a result, a
resistive barrier across the width of the nanowire is formed. (v) Along the axis of the
nanowire, Joule heating (via the DC bias) aids the growth of the resistive region until
the current flow is blocked and the bias current is shunted by the external circuit. (vi)
This allows the resistive region to vanish and the wire becomes fully superconducting
again. Finally, the bias current flowing through the nanowire returns to its initial value
(i)[2].
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CHAPTER 3
EXPERIMENTAL SETUP
3.1 Sample fabrication and characterization
3.1.1 Fabrication
The NbTiN thin film purchased from STAR-Cryoelectronics Company (NM, USA), was
grown on sapphire at room temperature by DC magnetron sputtering of NbTi target
under the atmosphere of argon-nitrogen plasma. Thereafter, two lateral probes of 1
mm partially apart, and four contacts pads made out of gold were patterned in the top
of the NbTiN film using standard photo-lithography and ion milling techniques. The
samples used in this work have different widths: 3, 5, and 10 µm; labeled as BK-NT3,
BK-NT5, and BK-NT10 corresponding to their respective width. Fig. 3.1 shows the
schematic illustration of the NbTiN sample that was used for this study.
3.1.2 Characterization
The sample connection to the cables terminal was made using a thin copper wire with
indium soldering. The resistance temperature (R-T) measurement and voltage pulse re-
sponse were carried out in a 4 K closed-cycle cryostat under vacuum with a temperature
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controller. The operating temperatures Tb for these measurements were varied from 4.1
K to critical temperatures, Tc. In order to ensure a good thermal contact between the
sample and coldilate, we greased the sample stage with some vacuum grease prior to
the sample mounting.
The R-T measurements were conducted to determine the resistivity and the Tc of
the samples using a four-point probe technique (as shown in Fig.3.1a ).
Figure 3.1: Schematic illustrations of (a) R-T measurement using four-point probe
technique. (b) resistivity calculation along the narrow bridge of the three samples with
w = 3, 5, and 10 µm. Where w1 = w2 = 20 µ m and l1 = l3 = 100 µ m
A 1 µA DC current, Iex, was sent from a Current source KEITH-225 to the NbTiN
filament from the input probe A to the ground via the output probe D. The voltage
across the filament, Vi , was measured between the two lateral probes (see Fig.3.1a)
using an Agilent-34401 digital multimeter. The measured resistance between these two
lateral probes was calculated using Rm =
Vi
Iex
. Fig. 3.1b shows that the Rm is a
combination of some section of the filament l1, l3 and the bridge, l2, which is equal to
Rm = R1 + R2 + R3. Furthermore, the resistivity of the samples were calculated from
the following equation:
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ρ =
Rmbw1
2l1 + l
w1
w
(3.1)
where b, w1, l, and l1 represent the thickness, width of the NbTiN film having length,
l1 = l3 =100 µm is the length of NbTiN having width w1 = w3.
Fig. 5.1 shows the curve of resistivity as a function of temperature (see appendix) when
a DC current of 1 µA is sent to the three NbTiN samples : BK-NT3, BK-NT5, and
BK-NT10.
From the R-T measurements, the Tc and the residual resistivity (at normal state) ρ for
the three samples are presented in Table 3.1
Sample Width w (µm) Tc (K) ρ (15 K) (µΩ.cm)
BK-NT3 3.00 8.30 182.0
BK-NT5 5.00 8.60 158.0
BK-NT10 10.00 8.50 77.0
Table 3.1: Corresponding width w, Tc, and ρ ( at 15 K) for the three NbTiN samples:
BK-NT3, BK-NT5, and BK-NT10.
3.2 Experimental Set-up
Fig.3.2 shows the schematic illustration of the experimental set-up that was used for
this study. The experimental set-up is made up of a fast pulse generator (AVETEC
E3A-B) used for sending an electrical pulse of 450 ns duration at a repetition rate of
10 kHz through 50 Ω coaxial cables, a delay lines of 240 ns was employed to separate
the incident pulse (Vi) from the reflected one (Vr) at the sample stage, an external
attenuator, varying by 0.1 dB steps, was incorporated in the circuit to change the
voltage pulse, the voltage response as well as the delay time td were measured using a 1
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GHz oscilloscope (Agilent InviniiVision 6000 Series), and a temperature controller was
used to change the temperature of the sample holder.
Figure 3.2: Schematic illustration of the experimental set-up used for pulse measure-
ments (a) with the combination of both Rs and Rp. (b) without the combination of
both Rs and Rp
When an incident pulse is sent from the a pulse generator, a pulse, known as reflected
pulse Vi, is reflected from the ground. The nature of this pulse depends on the load at
the cable end, which can be understood using, VrVi =
R−Z0
R+Z0
, where Z0 is the coaxial cable
impedance ( Z0 = 50 Ω). From this relation, the following conclusion can be deduced:
(i) when there is no load (R = 0) at the coaxial cable end (see Fig. 3.2b), Vr appears
in the oppose direction and with the same magnitude as Vi, that is, Vr = −Vi.
(ii) if the coaxial cable end is open at one end (R =∞), we observed that Vr = Vi.
(iii) the last configuration is when there is a load at the other end of the cable (R = Z0),
for this case, Vr = 0 (as shown in Fig. 3.2a) which means that there would be no reflected
pulse appearing.
In order to cancel out the reflected pulse, a combination of large series resistor Rs
and a parallel resistor Rp (Rs = 187 Ω and Rp = 67 Ω) were used (as shown in Fig. 3.2),
which is equivalent to a 50 Ω impedance at the line’s termination. This was also used
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to maintain a constant bias current flowing into the sample. Two 467 Ω were connected
in series through lateral electrodes to the oscilloscope to prevent current leakage into
the oscilloscope and allowing steady flow of the current through the sample bridge to
the ground.
By assuming that there is no current loss in the coaxial cables and the ohmic contacts
are negligible, the current flowing through the sample in the superconducting state is
given by I = ITotRp/(Rp +Rs) , where ITot =
Vi
Z (the line impedance Z=50 Ω, (Vi) is
the input voltage).
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CHAPTER 4
RESULTS AND DATA
ANALYSIS
4.1 Characterization of dissipative states in NbTiN super-
conducting filament
We measured the voltage responses of sample BK-NT3 at Tb and for currents larger than
the critical current Ic. The current was sent from probe A to the ground (probe D), as
shown in Fig. (3.1). The difference of potential was measured between the probe B and
the ground. The critical current is determined from the experiment as the minimum
current that requires the voltage response to appear and it is about 1.80 mA. We also
interpreted it as the current that produces the longest attainable delay time which is
the 450 ns used in this setup.
When the input current value increased slightly above Ic (Ic = 1.80 mA ), one
observed the appearance of the first voltage response which begins with an inductive
peak due to the inductive wire we used to connect the coaxial cable to the sample. It
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Figure 4.1: (a) Voltage response plotted as a function of time at different temperature
and different current value above Ic for the three NbTiN samples:(a) BK-NT3 (w =
3µm), (b) BK-NT5 (w = 5µm), and (a) BK-NT10 (w = 10µm). td is the time which
precedes the appearance of the voltage response. The plot of VPSC against IPSC for
each of the samples is presented on the right, where Is ' 0.4 mA
is followed by a state V = 0, then an abrupt voltage increases and reaches a saturation
point and remains constant. We interpret this mode as PSC based on the stated features
[17]. By increasing the current amplitude, the td decreases until it reaches a small value
(see Fig. 4.1a).
24
From Fig.4.1b, we obtain two important parameters to determine the heat dissi-
pated in the localized zone. The first one is the differential resistance
dV
dI
which shows
consistency of the pulse generated. This resistance was found to be ∼ 12.1 Ω for sam-
ple BK-NT3. By extrapolating the linear plot of VPSC versus IPSC , one gets another
interesting parameter, the superconducting excess current Is ∼ 23 µA. Since the PSC is
interpreted as an oscillation of the order parameter at the Josephson frequency between
0 and 1, we can infer that the total current is the superposition of two currents, the
superconducting and the normal current. From these parameters, we can estimate the
heat dissipated at the localized zone per unit volume using ρI(I − Is)/(w.b)2. Similar
steps were taken for samples BK-NT5 and BK-NT10 (see the figures on the right of
Fig 4.1b and 4.1c). The corresponding Is for these samples are ∼ 37 µA and ∼ 37 µA,
respectively.
Fig. 4.2 depicts the curve of the measured Ic for the three samples as a function of
temperature. However, the value of Ih at Tb > Tc can be obtained from the experiment
by increasing the current beyond Ic until the flat voltage of PSC changes to a rising
voltage indicating a HS [23].
On the other hand, the experimental measurement of Ih at Tb < T
∗ is not straight-
forward. It requires two pulses generator for sending both short and long pulses with
time. From the pulse generator for sending short pulse, short pulse of intensity larger
than Ic is sent through the filament which results in the nucleation of a rising voltage
of HS on the same spot of the filament. Thereafter, a long pulse with small intensity is
sent. The followings are observed depending on the configuration of the return current
Ir following the experimental measurement of Ih at Tb < T
∗: If the Ir > Ih, an increas-
ing voltage appears which is interpreted as an expanding HS. On the other hand, if the
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Figure 4.2: Measured critical currents density plotted as a function of temperature for
the three NbTiN samples
Ir < Ih, a descending of HS is observed. This implies that the current that gives the
steady level of HS determines Ih and this is obtained from the voltage on the long pulse.
For instance, Harrabi, et al. [31] created a phase slip center and hotspot on a 80 nm-
thick YBa2Cu3O7 nanowire deposited on two different substrate, sappire and MgO, by
applying a current larger than the critical current through the nanowire. Their findings
provide the information for obtaining the maximum bias current, return current as well
as the rate required for an HS to decay. By analyzing their experimental results with
TDGL theory, they found the time required for the PSC to be nucleated to be 6ns and
75 ps/ nm for YBCO on sapphire and MgO, respectively.
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4.2 Measurement of heat escape time
As established in the previous section, we noted that increasing the input current causes
the td to shrink until it becomes extremely small. In this section,the trend that this ob-
servation follows for the three different samples: BK-NT3, BK-NT5, and BK-NT10 will
be described by following the work of Pals and Wolter [32] and subsequently obtain the
relaxation time τd. By solving the one dimensional Time-Dependent Ginzburg-Landau
(TDGL) equation [33] and neglecting its space dependence, one obtain a simplified
equation for the order parameter:
df
dt
=
1
2τd
(
1− f2 − 4
27f4
(js/jc)
2
)
(4.1)
In Eq. (4.1), f is the order-parameter normalized to its equilibrium value feq, τd is the
relaxation time, js is the superconducting current density, and jc is the critical current
density. From the above equation, we make the following remarks. When js < jc, the
f tends to its limiting value, f ∼ 1. As a result, one observe no voltage appearance.
However, when js > jc, f begins to fall from 1 to 0. In this situation, a voltage begins
to appear along the filament. The appearance of this voltage takes some time after the
onset of the input current. We interpreted this time as the td in this experiment. Eq.
(4.1) can be simplified into an integra form:
td(I/Ic) = τd
∫ 1
0
2f4df
4
27(
I
Ic
)2 − f4 + f6 (4.2)
where the prefactor τd was interpreted as the inelastic electron-phonon relaxation time
τE in the normal state close to the critical temperature and the time, the integration
limits describe the behaviour of variable f which varies from 1 to 0. One limitation
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in Eq. (4.2) is that it can not fit values of td ≤ τd. This implies that a modification
is required on Eq. (4.2). In order correct the invalidity of this equation for td ≤ τd,
Tinkham [33] developed a modified theory where temperature dependent of τd was put
into consideration and the numerator of the integrand in Eq.(4.2) was replaced by
2f4 + 1.65f5 − 0.5(I/Ic)2 (4.3)
As a result, the td became dependent on the two variables T/Tc and I/Ic. This modified
TDGL theory by Tinkham was employed throughout this work for fitting the experi-
mental data of td. The experimental values td were plotted as a function of I/Ic and
fitted with the simplified Eq. (4.2). The prefactor τd was deduced subsequently.
After the nucleation of the dissipative state, the heat generated then flow through
the filament by thermal conduction and evacuated to the substrate by means of phonon
radiation. To effectively deduce the τesc, both phenomena need to be considered for its
deduction. For the heat transferred through the filament, its power dissipation Pf is
given as:
Pf =
∫
CedT +
∫
CpdT
τd
(4.4)
here Ce and Cp are the respective specific heat of electron and phonon. The τd retain is
usual meaning as in Eq. (4.1). The power dissipation when the heat is being evacuated
to the substrate Ps can be written as:
Ps =
∫
CpdT
τesc
(4.5)
By assuming that Pf = Ps during the dissipation, one can obtain the τesc by equating
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both Eq. (4.4 and 4.5):
τesc = τd
(
Cp
Ce + Cp
)
(4.6)
4.3 Temperature dependence of the phonon escape time
We studied the behaviour of the τesc as a function of temperature for the three samples.
For all the samples, we observed that the τd is almost independent of Tb, each of the
data are presented in both Fig. 4.3 (see Appendix for the plots of other temperatures).
Figure 4.3: Delay time td as a function of I/Ic at different Tb in sample BK-NT10 (a
& b) and BK-NT10 (c & d). The td axis is in logarithm scale. The solid curve is the
Tinkham’s fitting obtain from Eq. (4.2) Here the τd is the prefactor of Eq.(4.2)
29
The τd values for the widest sample (BK-NT10) at the different Tb as shown in Fig.
4.1 (a - d) were found to be around 1.75 ns. The above procedure was followed for
samples BK-NT5 (see Appendix). The overall behaviour of the deduced τesc for the
whole temperature range will be shown in section 4.3. The graph of τd versus Tb as
depicted in Fig. (4.4) gives a constant trend which explains that τd is independent of
Tb. The different values of τd for the three samples are presented in Table 4.1. However,
due to weak signal at Tb ∼ Tc,we were prevented from performing such measurements.
Sample Width w (µm) Tc (K) τd (ns)
BK-NT3 3.00 8.30 1.3
BK-NT5 5.00 8.60 1.1
BK-NT10 10.00 8.50 1.7
Table 4.1: τd values for the three NbTiN samples with their corresponding specifications.
The phonon escape time τes can be deduced from τd by considering the transfer of
heat from the film to the substrate which is dominated by the phonon escape and along
the film which is dominated by electrons and phonons. If the total of specific heat of
Cφ and electrons Cel equals to C = Cφ + Cel, then the phonon escape time is given by
a relation Cφ/τes = C/τd [25].
The behavior of gap relaxation time (thus the phonon escape time) to a temperature
change below the critical value is depicted in Fig. 4.4a for sample BK-NT3. It is seen
that the τd is constant (dotted line) as the temperature is increased in the range of 4
K to 7.25 K. This defines that prefactor τd is a T-independent parameter. The same
behavior was also observed in Fig. 4.4b and Fig. 4.4c for samples BK-NT5 and BK-
NT10, respectively, although the values of τd are a slightly different.
The phonon escape from the film to the substrate is considerably influenced by
phonon-phonon scattering in addition to the acoustic mismatch between two lattices
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and the defects of the interface. If the average phonon energy reaches a rounding
domain in the dispersion relation due to a temperature rise, many channels will open for
phonon decay compared to that of the linear relation. Yet, at the same time the phonon
evacuation could also be decelerated because a temperature rise will create numerous
phonons so that they impede one another causing phonon transport to become diffusive
rather than ballistic. Nevertheless, since the range of temperature of NbTiN is still in
the Debye regime, the phonon dispersion relation is linear and phonon-phonon scattering
is only a few. Thus, the elevation of temperature does not influence the phonon escape.
4.4 Dissipation Inside PSC
In order to estimate the temperature of the PSC centre Tm, we took into account
both the reduced dissipation rate ρI(I − Is) and the heat transfer along the filament∫
Ces(T )dT , where Ces is the specific heat of excess electron. Here the integral bound-
aries ranges goes from Tb to Tm. Since there is electric field penetrating into the super-
conducting filament, one needs to incorporate the inelastic diffusion length Λ into the
aforementioned relations. The result of this combination allows the determination of
the temperature inside the PSC centre:
V I
w × b× 2Λ =
ρI(I − Is)
w2b2
=
β(T 4m − T 4b )
4τesc
(4.7)
where V is the PSC voltage, β is constant in the Debye regime.
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Figure 4.4: Heat escape time τd as a function temperature: (a) BK-NT3. (b) BK-NT5.
(c) BK-NT10
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CHAPTER 5
CONCLUSION
We have measured the heat escape time of 20 nm-thick niobium titanium nitride fila-
ments deposited on sapphire with different width at different temperatures, by employ-
ing a current pulse technique to create dissipative states. A pulse current was sent to
the sample using a signal generator via a 50 Ω coaxial cable. In order to maintain a
contain biased current flowing through the filament, in one of our experimental setup,
we connected a large resistor in series with the sample and a shunt. We characterized
our samples by measuring the I-V characteristic behavior. The critical temperature of
each of the three samples were obtained from the resistance - temperature measure-
ments were found to be in closed range of 8.3 K to 8.6 K. We investigated below the
critical temperature of each the superconducting filaments and found that by applying
a current below the critical current generates no voltage response, which indicates that
the filament is still in the superconducting state. However, slightly above each of these
temperatures, a voltage appears which indicates the destruction of the superconduc-
tivity. This dissipative voltage appeared in a localized spot, phase slip center, after a
certain delay time td. The PSCs are characterized by an increase of the voltage as a
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function of time.
The time of creation of the PSCs were analyzed using the Time-Dependent Ginzburg-
Landau equation and was found to be independent of the temperature in the Debye
regime of our filaments. From this model, we estimated the heat escape time for the three
20 nm-thick NbTiN samples. In this work, we were unable to observed the nucleation
of an hotspot. This was attributed to insufficient threshold current needed to initiate
an HS after the nucleation of a PSC.
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Appendix A
RESISTANCE-TEMPERATURE MEASUREMENT
Figure 5.1: Resistivity as a function of temperature for three different samples: (a)
BK-NT3, (b) BK-NT5, and BK-NT10, respectively. The insets depict the resistivity of
each sample close to Tc.
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Appendix B
VOLTAGE RESPONSE FOR DIFFERENT TEMPERA-
TURES
Figure 5.2: Voltage response plotted as a function of time at different temperature and
different current value above Ic for the NbTiN samples of 3 µm-wide, BK-NT3
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Figure 5.3: Voltage response plotted as a function of time at different temperature and
different current value above Ic for the NbTiN samples of 3 µm-wide, BK-NT3
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Figure 5.4: Voltage response plotted as a function of time at different temperature and
different current value above Ic for the NbTiN samples of 5 µm-wide, BK-NT5
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Figure 5.5: Voltage response plotted as a function of time at different temperature and
different current value above Ic for the NbTiN samples of 5 µm-wide, BK-NT5
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Figure 5.6: Voltage response plotted as a function of time at different temperature and
different current value above Ic for the NbTiN samples of 10 µm-wide, BK-NT10
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Figure 5.7: Voltage response plotted as a function of time at different temperature and
different current value above Ic for the NbTiN samples of 10 µm-wide, BK-NT10
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Appendix C
MORE RESULTS AND DATA ANALYSIS
Figure 5.8: Delay time td as a function of I/Ic at different Tb in sample BK-NT3. The
td axis is in logarithm scale. The solid curve is the Tinkham’s fitting obtain from Eq.
(4.2)
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Figure 5.9: Delay time td as a function of I/Ic at different Tb in sample BK-NT5. The
td axis is in logarithm scale. The solid curve is the Tinkham’s fitting obtain from Eq.
(4.2)
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Figure 5.10: Delay time td as a function of I/Ic at different Tb in sample BK-NT10.
The td axis is in logarithm scale. The solid curve is the Tinkham’s fitting obtain from
Eq. (4.2)
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